To select actions based on sensory evidence, animals must create and manipulate representations of stimulus information in memory. We found that during accumulation of somatosensory evidence, optogenetic manipulation of cerebellar Purkinje cells reduced the accuracy of subsequent memoryguided decisions and caused mice to downweight prior information. Behavioral deficits were consistent with the present study we trained 13 mice on this task over hundreds of behavioral sessions (Fig. 1b,   Supplementary Fig. 1 ).
addition of noise and leak to the evidence accumulation process, suggesting the cerebellum can influence the maintenance of working memory contents.
The accumulation of sensory evidence is an important part of decisionmaking 1 . In rodents performing evidence accumulation, neuronal perturbation of specific brain regions can have distinct effects on behavior 2 . Depending on the region, perturbation can cause minimal effects 3 , it can impair functions related to decisionmaking [3] [4] [5] [6] , or it can influence evidence integration in working memory 7 .
Many forebrain regions implicated in evidence accumulation receive input from the lateral posterior cerebellum [8] [9] [10] , and disruption of the human cerebellum produces working memory impairments [11] [12] [13] [14] .
Given its roles in sensorimotor integration 15 and motor preparation 16 , cerebellar output may influence the evidence accumulation process. Here we examined whether direct, temporally precise disruption of cerebellar neural activity modulates the accumulation of somatosensory evidence. We used a behavioral task for headfixed mice in which animals accumulate sensory evidence over a period of seconds to guide decisions 17 . In each trial (Fig. 1a ) the mouse is presented with simultaneous streams of randomly timed left and rightsided whisker puffs followed by a delay, after which it licks in the direction of more puffs to retrieve a water reward. We previously showed that coarse fullsession pharmacological perturbation of the lateral posterior cerebellum alters performance in this task, and that Purkinje cell (PC) activity there encodes stimulus and decisionrelated variables 17 . In the (a) Schematic of the evidenceaccumulation decisionmaking task. In each trial, two streams of random, temporally Poissondistributed air puffs were delivered to the left and right whiskers. After an 800ms delay, mice licked one of two lick ports indicating the side with more cumulative puffs to receive a water reward. Grayshaded regions from left to right: cue period, delay, intertrial interval. Decision lick: first detected lick after the delay. (b) Choice probabilities as a function of the number of left and rightside puffs (n=96,254 trials over 664 sessions in 13 mice). (c) Change in performance as a result of cueperiod light delivery to the left, right, or bilateral cerebellum (n=46,435 lightoff trials, 5,392 lighton trials, 397 sessions, 8 mice). Dots: individual mice. Lines: mean across mice. *: p<0.01 (twotailed paired ttest). Noopsin: bilateral light delivery in ChR2mice (also see Supplementary Fig. 3 ). Guided nonmemory: bilateral light delivery in trials where mice were guided to lick the correct side by delivery of allsinglesided puffs during the cue period and delay. (d) Psychometric curves for lightoff (black) trials and lighton (colored) trials from all perturbation sessions in all experimental mice. Results are shown for bilateral (left) and unilateral (right) perturbations. Error bars: 95% CI. (e) Regression of animal choices on evidence quantity throughout the cue period for lightoff (black) and lighton (colored) trials. Weights indicate the extent to which evidence was used to guide decisions, and the sum of weights is proportional to overall performance. *: p<0.01 (99% CI, lightoff: 0.18-0.21, 0.18-0.21, 0.21-0.25; bilateral: 0.01-0.15, 0.03-0.11, 0.02-0.13; left: 0.02-0.13, 0.02-0.16, 0.04-0.11; right: 0-0.14, 0.05-0.08, 0.05-0.2)
To determine whether cerebellar activity can modulate the evidence accumulation process, we used timeresolved, celltypespecific optogenetic perturbation specifically during the cue period, when evidence is presented and prior to the decision. We stimulated ChR2expressing PCs ( Supplementary Fig.   2 ), which inhibit the cerebellar output nuclei, using light delivered through optical fibers implanted bilaterally over crus I of the cerebellum. Light was delivered for the full duration of the cue period, either bilaterally or unilaterally in a randomly selected subset (1530%) of trials over hundreds of behavioral sessions in 8 ChR2expressing mice. Both unilateral and bilateral cerebellar perturbations led to reductions in performance (Fig. 1ce ), and unilateral perturbation induced a small ipsilateral choice bias on average ( Fig. 1d ). Impaired performance was associated with downweighting of evidence throughout the cue period ( Fig. 1e ). As a negative control, light delivery did not alter performance in ChR2mice ( Fig. 1c , Noopsin; Supplementary Fig. 3 ).
In this experiment, the decision lick occurred approximately 1 second (1.31 ± 0.29 s, mean ± s.d.)
after the end of light delivery, suggesting that the impairment did not arise from a deficit in the ability to lick. We nevertheless considered that light delivery might introduce a delayed effect that interfered with motor readout. Three measurements suggest otherwise. First, the fraction of trials in which animals made a response (in either direction) was unaffected by the perturbation (98.6 ± 1.8% mean ± s.d. in lighton trials vs 99.7 ± 0.3% in lightoff trials; p=0.11, twotailed paired ttest). Second, the latency from the end of the delay period to the decision lick was indistinguishable between lighton and lightoff trials (578 ± 222 ms mean ± s.d. lightoff vs 595 ± 332 ms lighton; p=0.19 bilateral, p=0.84 left, p=0.14 right, twotailed paired ttest within subjects). Finally, light delivery did not influence the ability to make directed decision licks in trials where mice were cued which direction to lick with allunilateral puffs during the cue period and delay ( Fig. 1c , Guided nonmemory; Supplementary Fig. 3 ). Therefore, cerebellar disruption during the cue period affected not the ability to lick but rather one or more aspects of the preceding process.
The observed impairment could be explained by a variety of mechanisms, including alteration of the weight of incoming stimuli (i.e. sensory gating or attention), impairment of the retention of past stimulus information, or interference with translation of accumulated information into directed motor actions 16 ( Supplementary Fig. 4 ). We tested these alternatives by introducing additional trials in which light was delivered during a subsection of the cue period ( Fig. 2) . By regressing animal choice on evidence strength throughout the cue period (as in Fig. 1e ), we quantified which specific cues animals remembered and incorporated into their choices, lending insight into the contents of their working memory when light was applied. Importantly, this approach differentiates scenarios that appear similar with simpler analyses, such as one in which light resets the animal's retention of accumulated evidence vs. one in which accumulation is intact but light prevents the animal from executing the desired lick ( Supplementary Fig. 4) .
Surprisingly, mice had no difficulty using the evidence presented concurrent with light delivery, but they did have difficulty retaining evidence that had been previously presented ( Fig. 2ac ). In the most extreme case, light delivery in the final third caused mice to completely discount evidence from the first third of the cue period ( Fig. 2a right panel, first weight 95% CI: 0.04-0.07). In other words, light delivery in the middle and final third did not cause uniform effects across all trials, but instead selectively altered behavior in those trials where evidence was strong near the start of the cue period, prior to light delivery. In additional separate trials with light delivery during the postevidence delay period, mice downweighted evidence throughout the entire preceding cue period ( Supplementary Fig. 5 ). These results suggest that cerebellar perturbation influenced behavior by altering how mice integrate and retain evidence information over time. We further tested this hypothesis by fitting our data to an established driftdiffusion framework that explicitly models the incremental integration of pulses of evidence to form decisions 18 . Crucially, this model differentiates impairments in evidence integration and storage per se ( e.g . leakiness of evidence from memory) from nonspecific impairments such as decision lapses that occur when animals fail to translate accumulated information into the proper action (Supplementary Movie 1, Supplementary Fig. 6 ). The model achieves specificity by taking advantage of the broad statistical distribution of stimulus timings available from thousands of trials. Our model estimated parameters quantifying accumulator noise ( ), sensory noise ( ), σ a σ s memory leak or instability ( ), leftright bias, and a lapse rate. We fit all trials pooled across mice for the λ baseline lightoff condition (n=56,550 trials), fullcueperiod light delivery (n=6,394 trials), and delayperiod light delivery (n=2,369 trials). Fits to lightoff trials ( Fig. 3a , top row, Supplementary Table   1 ) demonstrate that at baseline mice performed evidence accumulation using strategies similar to humans and rats 18 , with small values for accumulator diffusion noise and lapse rate, and with leaky accumulation (<0) consistent with the regression analysis ( Supplementary Fig. 1b ). When light was delivered for the full cue period ( Fig. 3a , second row, Supplementary Table 1 ), behavior was characterized by an increase in a 2 , the diffusion noise in the accumulation process, and a decrease in , indicative of leakiness in λ evidence integration. Strikingly, the decay time constant τ (=1/ ) of accumulated evidence in working λ memory decreased approximately tenfold, from 6.7 s in the baseline condition to 0.72 s with light delivery. Therefore, cerebellar disruption impaired the noise and stability of accumulated working memory contents ( Fig. 3b , Supplementary Movie 1). In contrast, when cerebellar activity was perturbed during the delay (Fig. 3a , bottom row, Supplementary Table 1 ), performance deficits were likely best explained by an increase lapse rate, consistent with disruptions to accumulated information or to translation of that information into actions.
These results are consistent with clinical memory impairments observed after cerebellar lesions 11, 12 , cerebellar roles in sensorimotor integration 15, 19 , and theories of cerebellar function in working memory 20 . The results also align with recently reported cerebellar roles in motor preparation 16, 21 , but add to those findings by extending cerebellar influence to the domain of evidence storage and manipulation for decision formation. The behavioral effects we characterized here were not observed with perturbations of other brain regions in similar paradigms [3] [4] [5] 7 . scenario where evidence accumulation is intact but light delivery causes a failure to translate the accumulated information into an action, with increasing probability as the decision approaches. All regressions were performed and presented as in Fig. 2a . Regression weights indicate the extent to which evidence was used to guide decisions, and overall performance in any given scenario is proportional to the sum of weights. Error bars: 95% CI. Subsamples of trials were randomly sampled from the baseline noperturbation behavioral dataset, and a specific decision impairment was simulated: in a scenario where stimulus accumulation in working memory is intact but animals stochastically fail to translate this information into a directed action, one would observe a random subset of trials in which decisions are opposite of the accumulated information in memory. We therefore simulated the impairment by imposing a random choice on a random subset of trials in these sampled datasets. These trials were then fit to the model in the same manner as the real data (see Methods for additional details). As expected, the model captured the impairment as an increase in lapse rate with no effect on other parameters. This exemplifies the power of the model to identify specific deficits, confirming that the alterations in other parameters with cerebellar perturbation (Fig. 3) are not explained by lapses in animals' ability to report the information accumulated in working memory. Display conventions are the same as those in Fig. 3 . darkened by mixing with India ink (KohINoor #30804), was then applied to secure the ferrule to the skull. In some mice, separate implants were placed over neocortex for other experiments. When animals were not engaged in experiments, optical implants were protected using ceramic ferrule sleeves (Precision Fiber Products SMCS, 1.25mm ID, 6.6mm length). Implants were cleaned before each behavior session using a fiber optic cleaning kit (Thorlabs CKF). A custommachined titanium headplate 23 was cemented to the skull using dental cement (C&B Metabond, Parkell Inc.). All animals were given buprenorphine (0.1 mg/kg body weight) and rimadyl (5 mg/kg body weight) after surgery and were given at least 5 days of recovery in their home cages before the start of experiments.
Behavior: Mice were trained to perform a previously described evidenceaccumulation decisionmaking 
Data Analysis:
Software. Data analyses and figure creation were performed using custom code written for Python 3.6 (code available at https://github.com/bensondaled/puffsopto), which makes use of Numpy 1.14.3 28 Performance and psychometrics. Data for performance and psychometric measures were obtained only from trials in the final stages of the task, and not from the preceding stages during the shaping procedure.
Performance, psychometric, and regression analyses contain only trials in which mice made decision licks, such that incorrect trials correspond to licks in the wrong direction, and never the absence of a decision lick. Optogenetic analyses compare lightoff and lighton trials only from sessions in which lighton trials were delivered and only from trials with the primary 3.8second cue period. Confidence intervals on fractions of correct or left/rightchoice trials were computed by the Jeffreys method for binomial confidence intervals. The metamouse psychometric curve in Supplementary Fig. 1a consists of pooled trials from all mice and was fit to a fourparameter logistic function of the form:
Behavior regression analysis. To determine the dependence of animal choice on stimuli in different temporal bins of the cue period, we performed a regressionbased analysis. Data for regression analysis consisted of trials with a cue period duration of 3.8 seconds. Logistic regressions were performed with animal decision on a trialbytrial basis as the predicted variable. The input for each trial was a vector of values corresponding to the difference in right vs left puffs in temporally uniform bins of the cue period.
Logistic regression models were fit with no intercept term and no regularization. Confidence intervals on regression weights were computed using the standard error of the parameter fits and the standard normal distribution. The lightdeliveryaligned regression in Fig. 2c was computed by performing the regression analysis on each perturbation condition separately, then averaging weights across conditions aligned to light onset, wherever these weights existed. For example, the weight following light offset is the mean regression weight at that time point from the first and middlethird light delivery conditions. Error bars were computed using a bootstrap approach: for each regression fit, a random sample of trials was selected with replacement from the set of trials to be fit, and the analysis was run on these trials. This procedure was repeated 100 times and error bars were computed as the standard deviation of the resulting weights across runs.
Simulations for regression analyses. For all simulations in Supplementary Fig. 4 , we used the full baseline dataset of 48,239 nonmanipulation trials delivered to animals during real experiments. In lightoff and Supplementary Fig. 4 ), simulated decisions were sampled trialbytrial from the empirical psychometric curve exhibited by the trained animals. For light delivery conditions (remainder of panels), the decisions were also simulated in this way, but with the addition of simulated perturbationlike interventions, as follows: (1) in the "sensation/attention impairment" scenario, for each trial, stimuli coinciding with light delivery were given half the magnitude of all other stimuli, then the cumulative evidence was summed for the trial yielding a new effective total #R-#L value, from which a decision was drawn using the empirical psychometric curve like above. (2) in the "retention impairment" scenario, for each trial, stimuli preceding light delivery were given half the magnitude of all other stimuli, and the same procedure was applied. (3) in the "action impairment" scenario, for each trial, stimuli were summed (i.e. accumulated) normally and decisions were drawn as in the noimpairment condition, but then the decision was stochastically switched to the opposite side with a probability inversely proportional to the time until the decision lick, emulating a failure to execute the decision that matches the agent's internal accumulated memory. Regressions were performed on each resulting simulation dataset in the same manner as the data figures.
Drift diffusion modeling. Our model is based on the one presented in 18 . In each trial, an accumulator value a(t) tracks the level of evidence presented in the trial so far, with rightsided stimuli corresponding to positive deflections and leftsided stimuli to negative deflections. When the trial ends, the choice is defined as the sign of a , positive for rightward choices and negative for leftward choices. σ a 2 is a diffusion constant that parameterizes noise in a . σ s 2 parameterizes noise associated with single left or right puffs. λ parameterizes drift in the memory a . When λ < 0, the accumulator a drifts towards 0, causing earlier evidence to influence the decision less than later evidence, often called "leakiness." When λ > 0, the accumulator a drifts further from 0, causing earlier puffs to influence the decision more than later puffs, often called "instability." These features are implemented by the model: dW is a whitenoise Weiner process. At time t=0 , the value of a is set to 0. In addition, a bias parameterizes an offset in a and a lapse rate parameterizes the fraction of trials on which a random response is made. Ideal performance is characterized by an accumulator value a=#R-#L puffs , which would be achieved by setting the following parameter values: = 0, a 2 = 0, s 2 = 0, bias=0, lapse=0.
Because data were pooled across subjects and bilateral perturbations, we did not interpret the best fit values of the bias parameter to be meaningful, but we included them so as not to capture incidental bias in other parameters like lapse rate. The model was fit using automatic differentiation as in 7 , and fits were including in analyses only if the resulting Hessian matrix of the model likelihood with respect to the model parameters was positive semidefinite. To estimate the confidence intervals of fit parameters, each model was fit 1000 times, initializing with random values for each parameter and omitting a random 20% of trials in each repetition. The median parameter values and confidence intervals were assessed across fit repetitions.
Drift diffusion model simulation. The demonstration in the second row of Supplementary Fig. 6 was produced as follows: Random subsamples (n=500 subsamples, 10,000 trials each) were collected from the behavioral dataset without perturbation (i.e. lightoff). A simulated "perturbation" was then introduced by choosing a random 50% of trials and replacing the true animal choice with a random selection (either left or right). This reflects the concept of a lapse: i.e. an impairment in selecting the desired response, and specifically one that is not tied to the timing or quantity of accumulated evidence information. Each of the 500 subsamples of trials with the perturbation applied were then fit to the drift diffusion model using the same methods as the data fitting in Fig. 3 .
The trials shown in Supplementary Movie 1 and Fig. 3b were generated as follows: a single trial with 5 left puffs and 3 right puffs was produced, and the accumulator value a throughout the trial was calculated by running the model (equation in the Drift Diffusion Modeling section above) in discrete time steps of 15 ms. For the Baseline case, parameters were chosen to be similar to the empirically fit lightoff behavioral data (Supplementary Table 1 ). The leaky, noisy, and lapse conditions were simulated by altering those parameters and rerunning the simulation. Playback was slowed for visualization purposes. 388   389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431 
